The relative contributions of genetic and environmental factors to variation in immune 30 responses are still poorly understood. Here, we performed a deep phenotypic analysis of 31 immunological parameters of laboratory mice released into an outdoor enclosure, carrying 32 susceptibility genes (Nod2 and Atg16l1) implicated in the development of inflammatory 33 bowel diseases. Variations of immune cell populations were largely driven by environment,
INTRODUCTION

48
Variation in the magnitude of the immune response is an important determinant of 49 susceptibility to pathogen infections, as well as a predisposition to autoimmunity and cancer 50 (Brodin and Davis, 2017; Schirmer et al., 2018) . However, immunological studies with ( Figure 1D ). The reduced proportion of CD44 lo CD62L hi 173 T cells is consistent with some 159 previous reports on wild mice (Abolins et al., 2017; Beura et al., 2016) . We also quantified 160 the extent of variability between lab and rewilded mice by measuring the Euclidean distances 161 between mice in our PCA. Notably, the within group distances in lab mice were significantly 162 less than rewilded mice ( Figure 1E ) suggesting that the natural environment increases 163 variability in immune cell populations. We then evaluated several population factors to 164 identify covariates with the largest effect sizes on immune cell populations (STAR 165 METHODS) ( Figure 1F ). As expected, the composition and activation state of immune cell 166 populations as determined by cell surface marker expression in the peripheral blood are 167 driven most strongly by environmental differences between the SPF facility and the outdoor 168 enclosure. These differences far outweighed any effects of genetic deficiency in Nod2 or 169 Atg16l1 in both environments ( Figure 1F ). These findings are consistent with the concept that 170 non-heritable influences explain the majority of the variation in the proportion of immune cell 171 subsets as reported in twin studies (Brodin et al., 2015) .
172
Variation of cytokine production in response to stimulations is driven more by genetic 174 mutations than by the environment.
175
Cytokine production capacity in humans has been reported to be more strongly influenced 176 by genetic than environmental factors (Li et al., 2016) . To investigate the relative roles of 177 Nod2/Atg16l1 deficiency and environment on induced responses, we performed ex vivo 178 stimulation experiments on total MLN cells from rewilded and lab mice. To examine cytokine 179 responses to microbial and T-cell specific antigens we stimulated with six different microbes 180 (C. perfringens, P. aeruginosa, B. vulgatus, B. subtilis, S. aureus and C. albicans) , 181 αCD3/CD28 beads to activate T cells as well as PBS as a control ( Figures 1A and 2A ).
182
Despite no significant differences for PBS control samples between lab and rewilded mice 183 (data not shown), we chose to normalize cytokine production per mouse by expressing cytokines was measured: IFN-γ, IL-1α, IL-1ß, IL-13 IL-5, IL-10, IL-17, IL-6, CCL2, CXCL1, 186 CCL3, CCL4 and TNF-α. Average fold changes in cytokine production as compared to PBS 187 controls for both lab and rewilded mice indicate increases in IFN-γ and IL-17 after 188 αCD3/CD28 activation, consistent with the production of these cytokines by T cells in the 189 MLNs (Figure 2A ). In general, bacterial antigens induced CCL3, IFN-γ, TNF-α, CCL4, and 190 IL-6 production, while the fungus C. albicans induced the regulatory cytokine IL-10 ( Figure   191 2A). Bacterial antigens also induced CXCL1, which was not induced by C. albicans or 192 αCD3/CD28 (Figure 2A ). As expected αCD3/CD28 was one of the most potent inducers of 193 cytokine production, especially for IFN-γ, CCL4, TNF-α and IL-5, and rewilded mice 194 produced higher levels of these cytokines than lab mice post stimulation ( Figure 2B ). IL-1α,
195
IL-1β, IL-13 and CCL2 were not appreciably altered by any stimulation (Figure 2A ).
196
We next used PCA to assess the sources of variation in stimulated cytokine production for 197 both lab and rewilded mice ( Figure 2C ). Lab and rewilded mice do not clearly segregate 198 along PC1 or PC2 suggesting that environment is not a major source of variation. Effect size 199 measures based on the Euclidean distance indicated genotype as a much stronger source of 200 variation ( Figure 2D ). The differences in genotype are driven by IL-10 and IL-6 production as 201 indicated by the PCA loading factors ( Figure 2C ). More specifically, the rewilded Nod2 -/-202 mice appear to cluster distinctly from other genotypes, suggesting key differences in cytokine 203 production of rewilded Nod2 -/-206 mice ( Figure 2C ). Genotype also had the greatest effect size on 204 variation in plasma cytokine levels of individual mice ( Figure S3 ).
205
Rewilded Nod2 -/mice To better understand how Nod2 and Atg16l1 deficiency was affecting cytokine production, we 209 performed two-way comparisons and calculated a p-value for each comparison to determine 210 which cytokine producing conditions were most significantly different between WT mice and 211 mice with Nod2 and Atg16l1 deficiencies from laboratory and rewilded environments 212 exhibit increased cytokine responses compared to wild type 207 rewilded mice. (Figures 3A and 3B) . Compared to the lab mice, the rewilded mice had many more significant 213 changes in stimulated cytokine production across Nod2 and Atg16l1 deficient mice (Figure
214
3A and 3B). These changes were largely driven by significant differences in rewilded Nod2 -/-215 mice against rewilded WT mice ( Figure 3A) . Specifically, the Nod2 -/-229 mice exhibited 216 increases in IL-17, IL-5 and IL-10 in response to C. perfringens suggesting an increased 217 responsiveness to this bacterial stimulant that was only observed in the rewilded condition 218 (Figures 3A and 3C) . Production of IL-10 in response to C. albicans was also elevated in 219 Nod2 and Atg16l1 deficient mice, although Nod2-/-did not exhibit greater fungal colonization 220 than WT mice ( Figure 3C ) (see companion study Yeung. et.al.) . Despite these differences in 221 cytokine responses, the rewilded Nod2-/-did not shown any signs of increased intestinal 222 inflammation by histology or changes in goblet cell numbers (data not shown), which we 223 have previously shown to be associated with susceptibility to B. vulgatus colonization 224 (Ramanan et al., 2016; Ramanan et al., 2014) . Together these results indicate that exposure to 225 the outdoor environment per se that induces elevated cytokine responses is not a sufficient hit 
231
In addition to stimulated cytokine profiles, MLN cells were assessed for immune cell 232 populations by flow cytometry analysis ( Figure S4 and Table S2 ) and gene expression by Table S2 ). Consistent with the peripheral blood, 234 immune cell frequencies in MLNs showed a strong effect of environment ( Figure S6 ). 
244
We integrated multi-omic data from flow cytometry populations, gene expression, 245 cytokine, and microbial profiles (Table S2 ) in a subset of mice (n-=81) which had measures 246 for all four data types. A concatenated matrix (Table S3) Figures 4C and 4D ). In summary, we identified a network of transcription factor 263 associated with T cells in the MLNs based on transcriptional profiling data that is strongly 264 predictive of the effects of the different environments.
To evaluate the interactions between data types, we next utilized an unsupervised sparse 268 partial least squares (sPLS) regression model to integrate the different data types into a multi-269 component network ( Figures 5A and S7 ). To condense the size of our network we collapsed 270 our gene expression profiles according to known Gene Ontologies (STAR METHODS) (2015;
271 Ashburner et al., 2000) for immune system processes in Mus musculus, which also focuses 272 our attention on the most relevant genes. In short, we compared our gene expression profiles 273 to all child terms of the Gene Ontology term "immune system process" (GO:0002376) and 274 collapsed our genes into modules based on these pre-defined ontologies. 954 genes were used 275 to generate 91 specific gene ontologies from our gene expression data all related to the parent 276 gene ontology "immune system process". These modules were used as inputs alongside the 277 cytokine profiles, microbial profiles and flow cytometry populations to generate an 278 unsupervised multi-omic network. sPLS-regression models were built pairwise between each 279 data type to generate a 188-node covariance network with 577 total connections between the 280 four different types of features ( Figures 5A and S7 ). In the resulting model, all microbial taxa 281 fell below our 0.6 covariance threshold and were therefore removed (Table S4 ). This 
286
While total CD4+ and CD8+ T cell populations in the MLN were among the most 287 connected nodes of the network specific gene ontologies, cytokine responses and other 288 immune populations were also strongly interconnected ( Figure 5A ). As expected from earlier 289 analysis (Figure 1) , the blood CD44 hi CD62L hi CD4 T cell population was strongly , 2016) . Another large human study indicated that features of innate immunity were more 319 strongly controlled by genetic variation than lymphocytes, which were driven by 320 environmental effects (Patin et al., 2018) . Thus, although studies of lab mice, by design, predictors of immune phenotype in mice a better match for predictors of human immune 324 phenotypes. Additionally, our dataset described here will be a useful resource for other 325 investigators to delve into the immunological consequences of rewilding.
326
An attractive hypothesis arising from these findings is that perhaps environment is a 327 primary driver of the composition of the immune system, but genetics is a stronger driver of 
343
This study was initially designed to test the hypothesis that Nod2 and Atg16l1 344 deficient mice may respond to the re-wilding environment in an adverse way. Our previous 345 studies had found that B. vulgatus colonization of Nod2 and norovirus colonization of Atg16l1 346 deficient mice predisposed them to intestinal inflammation. Hence, we wanted to examine if 347 these mice with mutations in genes associated with the development of IBD would be 348 associated with environmental triggering of intestinal inflammation. However, we did not • PC1 22.12% expl. variation PC2 15.45% expl. variation
